Reboreda A, Raouf R, Alonso A, Séguéla P. Development of cholinergic modulation and graded persistent activity in layer V of medial entorhinal cortex. J Neurophysiol 97: 3937-3947, 2007. First published April 18, 2007 doi:10.1152/jn.01233.2006. During muscarinic modulation, principal neurons from layer V of rat medial entorhinal cortex (mEC) respond to repeated applications of a brief stimulus with a graded change in persistent firing frequency. This pattern of discharge has been proposed to represent an intrinsic mechanism for short-term memory operations. To investigate the implementation of persistent activity in mEC during development, we characterized the electrophysiological properties of layer V principal neurons in the mEC over a range of postnatal stages. We observed significant differences in both passive (resistance, time constant, and resting membrane potential) and active properties (threshold, action potential, and adaptation) of principal neurons from rats aged 5-7, 10 -13, 16 -19, and 21-23 days. We also examined the properties of muscarinic-dependent persistent activity in EC slices from different age groups. Recordings were conducted using the perforated-patch whole cell technique because persistent activity runs down in the ruptured-patch configuration. Although no neuron in the youngest group exhibited graded persistent activity in response to muscarinic receptor activation, this activity was recorded in the 10-to 13-day-old group and its occurrence increased from 69% in the 16-to 19-day-old group to 76% in the 21-to 23-day-old group. This postnatal increase in neurons endowed with persistent firing properties in mEC was found to parallel the increase in density of ChAT-positive immunostaining of fibers and the developmental changes in M1 muscarinic receptor mRNA levels. All these data suggest that the implementation of mnemonic properties in mEC principal neurons matches the ontogenic development of afferent cholinergic circuits and their signaling components.
I N T R O D U C T I O N
The entorhinal cortex (EC) occupies a pivotal anatomical position because it constitutes the main interface between the hippocampus and the neocortex. Layers II and III relay to the hippocampus information received from the neocortex (Steward and Scoville 1976), whereas layer V EC principal neurons receive projections from the cortex and from the hippocampus through the subiculum, sending back projections to the neocortical mantle (Insausti et al. 1997; Lavenex and Amaral 2000; Witter et al. 2000) .
EC receives massive cholinergic input from the basal forebrain (Alonso and Köhler 1984; Lysakowski et al. 1989) ; this cholinergic modulation has been related to processes of working memory and memory consolidation during wake and rapid eye movement (REM) sleep periods (Hasselmo 1999) . At the cellular level, it has been extensively shown that cortical cholinergic input is neuromodulatory (Andrade 1991; Azouz et al. 1994; Barkai and Hasselmo 1994; Benardo and Prince 1981; Krnjevic et al. 1971; Rovira et al. 1983; Wang and McCormick 1993) .
In the presence of a cholinergic agonist, principal neurons in layer V of the medial entorhinal cortex (mEC) of the adult rat respond to repeated applications of a brief stimulus with a graded change in persistent firing frequency. Their firing frequency can be regulated up or down by short-step depolarizations or hyperpolarizations, respectively. This graded pattern of discharge, sensitive to the muscarinic receptor antagonist atropine, has been proposed to represent an intrinsic cellular mechanism for short-term memory operations (Egorov et al. 2002a; Frank and Brown 2003) . Cholinergic modulation in layer II of mEC can also trigger postburst activity that selfterminates (Klink and Alonso 1997) .
It has been proposed, from behavioral studies, that workingmemory ability in rats develops during the first postnatal weeks (Green and Stanton 1989; Stanton 2000) . This period of development is highly dynamic both for the cholinergic system, which is the last of the main neuromodulatory systems to reach the cortex (Foehring and Lorenzon 1999; Kiss and Patel 1992; Zahalka et al. 1993) , and for the cortical neurons that undergo major phenotypical changes related to the expression of receptors (Tice et al. 1996) and to intrinsic properties (Zhang 2004; Zhou and Hablitz 1996) .
The intrinsic properties of cortical neurons and their influence on signal processing have been extensively studied (Contreras 2004; Llinas 1988) . These properties are determined by the morphology of the neuron (Whitford et al. 2002) , the pool of channels (Moody and Bosma 2005; Picken Bahrey and Moody 2003) and receptors available (Lee et al. 1990; Tice et al. 1996) , and by the intracellular machinery coupling receptors to signaling pathways (Balduini et al. 1987) . All these factors contribute to the deep transformation observed during the early stages of postnatal development (Connors 1994; Lee et al. 1990) .
In the present work we characterize the changes in passive and active properties of the principal neurons in layer V of mEC during the early stages of postnatal development and we describe the increasingly important role of cholinergic modulation during this crucial period. Muscarinic receptor activation triggers a cascade of second messengers that could be sensitive to intracellular washout so we compared the effect of ruptured-patch and perforated-patch recording on the graded persistent activity.
M E T H O D S
All experimental procedures were approved by the McGill University Animal Care Committee and were in compliance with the guidelines of the Canadian Council on Animal Care. Long-Evans rats at different ages (5-7, 10 -13, 16 -19 , and 21-23 days old) were anesthetized with ketamine:xylazine cocktail (60:5 mg/kg) perfused with ice-cold choline chloride-based artificial cerebrospinal fluid [ACSF, consisting of (in mM): 110 choline Cl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 7 MgCl 2 , 0.5 CaCl 2 , 2.5 KCl, 7 glucose, 3 pyruvic acid, and 1.3 ascorbic acid]. Horizontal slices (350 m) from the retrohippocampal region were obtained using a VT1000 vibratome (Leica) using the same choline chloride-based ACSF. The slices were allowed to settle down in ACSF [consisting of (in mM): 125 NaCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 MgCl 2 , 1.6 CaCl 2 , 2.5 KCl, 10 glucose, 3 pyruvic acid, and 1.3 ascorbic acid] for Ն1 h before recording at room temperature (22°C). ACSF was constantly bubbled with carbogen (95% O 2 -5% CO 2 ).
Slices perfused with the extracellular solution were placed in a recording chamber mounted on the stage of an upright microscope Axioskop (Zeiss, Oberkochen, Germany) equipped with a ϫ63 waterimmersion objective and differential contrast optics. A near-infrared charged-coupled device (CCD) camera (Sony XC-75) was used to visualize the neurons. Layer V medial entorhinal neurons selected for recording were located close to the lamina dissecans and were filled with biocytin for later identification. The cells were recorded using the current-clamp technique at 33 Ϯ 1°C with an Axopatch 1D or 200B amplifier and Clampex 8.0 recording software (Axon Instruments, Foster City, CA). Whole cell recordings were performed using perforated-or ruptured-patch techniques. Perforated patch was obtained using amphotericin-B (175-200 g/ml) (Rae et al. 1991) . Bath composition was (in mM): 125 NaCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 MgCl 2 , 1.6 CaCl 2 , 2.5 KCl, 10 glucose, 2 kynurenic acid, and 0.1 picrotoxin; bath solution was constantly bubbled with carbogen. Intracellular pipette solution consisted of (in mM): 120 K-gluconate, 10 HEPES, 0.2 EGTA, 20 KCl, 2 MgCl 2 , 7 di-Tris phosphocreatine, 4 Na 2 ATP, 0.3 Tris-GTP, and 0.1% biocytin (pH adjusted at 7.3 with KOH). The same intracellular solution was used for perforated and ruptured whole cell recordings. Drugs and chemicals were purchased from Sigma (St. Louis, MO).
Patch pipettes (5-7 M⍀) were pulled using a Sutter P-97 horizontal puller (Sutter Instrument, Novato, CA). Tight seals (Ͼ5 G⍀) were obtained by applying constant negative pressure. Electrical access to the cell was obtained either by suction (ruptured-patch configuration) or by waiting Ն30 min for amphotericin-B to attain a stable access resistance (perforated-patch configuration). Bridge correction was done using the built-in circuit of the amplifier. Sampling rate was 20 kHz and the low-pass filter was set at 5 kHz.
Spike-frequency adaptation was measured using 1.5-s currentvoltage (I-V) protocols in current-clamp using 10-pA increasing current steps. In these protocols, the first step analyzed was the first pulse triggering at least four action potentials. Steps not showing a positive adaptation were removed for purposes of calculating the adaptation index (AI), which was calculated according to the following equation
where f f is the final frequency, measured by fitting a double exponential to the time distribution of the interspike frequency and taking the steady-state value (Y 0 ), and f i is the initial frequency, measured using the first two action potentials. The double-exponential equation was
The adaptation index was plotted against 10-pA current steps. The resulting curves were fitted using an asymptotic equation
where a is the maximum (maximum frequency or maximum adaptation), b is the range, and (1 Ϫ c) is the rate. Comparison of parameters (rate and asymptote) between age groups and within each age group was carried out by applying the F-test (P Ͻ 0.05) using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA). Initial and final frequency data were also plotted against 10-pA current steps and fitting a straight line to the first five data points. Linear fitting comparison was performed using GraphPad Prism 4.0.
Multiple comparisons were assessed using ANOVA (P Ͻ 0.05) or paired Student's t-test (P Ͻ 0.05) for control-carbachol comparison inside each age group.
Plateau potentials were achieved by application of 1-s, 50-pA step depolarizations at voltages close to Ϫ60 mV. Frequency of the plateau was graded up with similar step depolarizations and graded down with 1-to 2-s, 50-to 100-pA hyperpolarizations.
ChAT immunostaining
Brains from postnatal day 5 (P5), P12, P21, and adult animals transcardially perfused with 4% paraformaldehyde were postfixed for 24 h and sliced horizontally (100 m) using a freezing microtome. The slices were incubated overnight in goat anti-choline acetyltransferase (ChAT) antibodies (1:500, Chemicon), rinsed, and then incubated with secondary biotinylated rabbit anti-goat antibodies (1:200, Vector Laboratories) for 90 min. Sections were rinsed, stained with the ABC technique (Vector Laboratories), dehydrated, and mounted for imaging in light microscopy.
Quantitative real-time RT-PCR analysis
Oligonucleotide primers were designed to generate small amplicons for rat M1 muscarinic cholinergic receptor mRNA (TCCTTCAAG GTCAACACCG and ATTCATGACAGAGGCGTTGC) and for GAPDH mRNA (ATCTTCTTGTGCAGTGCCAG and CGTTGA TGGCAACAATCTCC). Total RNA (100 ng/sample) was isolated using the SV total RNA isolation kit (Promega). Real-time PCR was carried out with the SYBR Green I kit (Qiagen) in a Rotor Gene 3000 thermal cycler (Corbett Research). The temperature profile for singletube quantitative RT-PCR was: reverse transcription at 50°C for 30 min, Hot Start Taq (1.25 units/sample) activation 15 min at 95°C, 40 cycles of denaturation 15 s at 94°C, annealing 30 s at 56°C, and extension 30 s at 72°C. SYBR Green fluorescence was acquired at the end of the extension cycle. A melting curve analysis was performed at the end of each run to verify single-product formation for each reaction. Relative expressions of target genes were determined in comparison to GAPDH using the Pfaffl method (Pfaffl 2001) . Initial experiments were carried out to determine the efficiency of each pair of primers and to confirm amplification linearity.
R E S U L T S

Developmental changes in basic electrophysiological properties
Before application of carbachol (CCh), neurons from each age group were characterized electrophysiologically by measuring their passive membrane properties (resting membrane potential, membrane resistance, and time constant), their action potentials, and their responses to I-V protocols. Age groups were established as follows: 5-7, 10 -13, 16 -19, and 21-23 postnatal days. For reasons of clarity we assigned a code to each group: P5, P10, P16, and P21, respectively. Resting membrane potential was measured in current clamp without current injection after bridge compensation. Membrane resistance and time constant were determined using negative lowintensity current pulses (10 -25 pA) from Ϫ60 mV. Action potential threshold was obtained from control experiments where current was injected to reach the rheobase. Amplitude was calculated using the threshold as a reference and by measuring the depolarization from threshold to the maximum. Duration was measured at the half-amplitude point between the threshold and the maximum. Data are grouped in Table 1 . As the animals get older, significant differences appeared: resting membrane potential became more negative, membrane resistance decreased, and time constants were shorter (Fig. 1) . Changes in the resting membrane potential could be directly related to a decrease in membrane resistance caused by an increase in the number and characteristics of the channels opened at the resting level and/or by an increase in cellular size.
Action potential characteristics showed a gradual change in threshold, amplitude, and duration over the course of development (Table 1) : threshold became more negative, amplitude increased, and duration was reduced. Interestingly, the difference between the threshold voltage and the resting membrane potential increases with age ( Fig. 1) .
All these variables, also measured in ruptured-patch configuration in P16 animals, did not show significant differences with their equivalents measured in perforated-patch configuration (P Ͼ 0.05).
Developmental changes in spike properties: ADP and AHP
Besides changes in their threshold, amplitude, and duration, action potentials in layer V principal neurons of the mEC show a gradual increase in afterdepolarization (ADP) and afterhyperpolarization (AHP) during development. Action potentials were evoked by injecting current to keep the cells at Ϫ60 mV and applying very short stimuli (0.5 to 1 ms, 1 to 2 nA). In the groups P16 and P21, an abrupt deflection of the membrane potential after the spike indicates an ADP (Fig. 2, C and D) . In P5 and P10 groups ADP was more difficult to resolve because the repolarizing rate is more gradual (Fig. 2, A and B) ; therefore the start of ADP was determined using the second derivative from the trace. The data for ADP do not show statistical differences in amplitude, duration, or area (Table 2) . Nevertheless, we observed a significant increase in several AHP parameters during development, including amplitude, 
Change in passive and active properties of layer V medial entorhinal cortex (mEC) principal neurons during postnatal development. A and B: membrane resistance and time constant values decrease with the age of the animal. C: resting membrane potential also changes as the animal gets older, becoming more negative. D-F: action potential parameters (threshold, amplitude, and half-width) are modified during early development. There is a decrease in the threshold and duration of the action potential, whereas the amplitude increases. G: difference between threshold of action potentials and resting membrane potential increases with age; this could work as a mechanism to modulate excitability (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001).
duration, and area ( Table 2 ). The P5 group does not show AHP at Ϫ60 mV.
Developmental changes in spike-frequency adaptation
In Fig. 3 (insets) we show typical examples of the firing patterns that we used to calculate the adaptation index (AI) for each age group. AI values were plotted against 10-pA increments in current steps, showing an asymptotic distribution (Fig. 3A) . Calculation of the AI is explained in detail in METHODS. AI ranges from 0 (no adaptation) to 1 (maximum adaptation). Figure 3B shows the "rate" at which the AI functions approach asymptote (higher rate means that the asymptotic state is reached with less current injections). Figure 3C shows the maximal AI values. Asymptotic-fitting parameters show the highest rate for control P21, which is significantly different from that of the other age control groups, meaning that P21 needs less current increments to reach the asymptotic value (Fig. 3B ). There is also a difference in the maximum AI between the groups: older groups show higher asymptotic values, indicating stronger adaptation (Fig. 3C) . After application of CCh (5 M) the maximum value for the AI (asymptote) does not change (Fig.  3C) , but there is a significant decrease in rate for P10, P16, and P21 (Fig. 3B) , indicating that more 10-pA current steps are required to reach the maximum AI. There is no significant change for P5. Fitting values are summarized in Table 3 . Overall, older groups adapt strongly and with weaker stimulus than do the younger groups.
It has been described that cholinergic modulation induces change in several membrane conductances that are translated during changes in the membrane response to the current injection. To further characterize the differences between groups and the changes induced by muscarinic modulation we analyze how the initial and steady-state action potential frequencies change for the five initial current steps (four for P5 group), where the differences in AI values are greater. In Fig. 4A we plotted the average of the initial and steady-state frequencies in control and CCh; the average values for the linear fitting of initial frequency are presented in Table 4 and steady-state frequency in Table 5 . Slope values indicate the frequencyintensity response, whereas comparison of intersection values with the y-axis (only when the slopes are similar) reveals changes in the absolute value of the frequency, although the frequency-intensity response remains constant. Comparing control values for initial and steady-state frequency, we observe no difference in slope either for initial or steady-state frequency (Fig. 4, B and D, respectively) . Nevertheless, the initial frequency at P5 shows a significant difference from the other groups (higher y-axis intersect) (Fig. 4C) ; there is also a difference of y-axis intersect between P16 and P21, which could be explained by the presence of a more prominent ADP shoulder. For the steady-state frequency, the differences are clearer, showing a decrease in the intersection value (decrease in frequency) with development, most probably related to the overall decrease in membrane resistance (Fig. 4E) . Application of CCh reduces the slope of the initial frequency for P10, P16, and P21 without affecting the steady-state slope (Fig. 4B) . We were not able to compare intersection changes for the initial frequency because of the change in slope, but steady-state intersection shows a clear increase for all age groups (Fig. 4E) . , and P21 animals, respectively. E: mean amplitudes for afterdepolarization (ADP) and AHP. ADP does not show statistical differences, whereas AHP increases in amplitude with age. F: besides amplitude, AHP duration also increases during development. ADP duration does not show any significant change. G: apparent but not significant increase in ADP area; in the case of AHP this area change is statistically significant. 
Changes in cholinergic modulation during early postnatal development
Previous studies used intracellular recordings with the sharp electrode technique to describe the phenomenon of graded persistent activity in the presence of CCh. Because we used the patch-clamp technique to analyze the prevalence of the graded persistent activity through the early postnatal period, we wanted to eliminate rundown resulting from the washout of diffusible intracellular messengers. To characterize the sensitivity of graded persistent activity to recording conditions, we studied the response of P16 neurons to step depolarizations of 1-s duration and 50-pA amplitude in the presence of 5 M CCh in ruptured-patch (Fig. 5A ) or perforated-patch (Fig. 5B ) recordings, 5 or 30 min after CCh application. The first difference was observed in the number of cells displaying graded persistent activity after 5 min of CCh application in ruptured patch (three of eight) and perforated patch (11 of 16). After 30 min, only one neuron from the ruptured-patch group maintained the graded persistent activity, whereas 10 of 11 neurons recorded in perforated-patch configuration maintained this activity (Fig. 5B) .
Adult layer V mEC principal neurons can display three different types of response under cholinergic modulation after a step depolarization: a transient plateau lasting Յ15 s (delayed activity or self-terminating plateau), a persistent plateau with a constant frequency that does not change with subsequent step depolarizations (persistent activity), and a persistent plateau that can be modulated in frequency by step depolarizations that increase the frequency or by step hyperpolarizations that decrease the frequency (graded persistent activity). According to our method of classification, the three types of response cannot be interconverted: neurons in the category "delayed activity" are not able to display persistent activity despite increasing stimulations and neurons in the category "persistent activity" are not able to display graded activity despite increasing stimulations. Logically, neurons with graded persistent activity could also show persistent and delayed activity depending either on the membrane potential or on parameters of the step depolarization. A few neurons did not show any neuromodulatory effect in the presence of a cholinergic agonist. Among the three different types of activity described, the graded persistent activity is the most sensitive to washout of the cytoplasm during ruptured-patch recording. It was common to observe that neurons showing graded persistent activity switched to delayed or persistent activity after 30 min rupturedpatch recording (2 of 3 cells in P16 group). Delayed and persistent activity were preserved during long periods of time (Ͼ1 h) in ruptured-patch recording (4 of 4, P16). Proportions of neurons, recorded in perforated-patch configuration, showing the different types of activity are represented in Fig. 6 . It is interesting to notice how the percentage of cells that show sustained activity in the presence of CCh increases with development. In parallel, there is an increase in the percentage of cells that are able to grade the frequency of the plateau (Fig.  6A) . In Fig. 6B we show the impact of cholinergic modulation (for the cells that showed graded persistent activity from the beginning) after 30 min in CCh and recording in perforatedpatch configuration. Most of the cells in the two oldest groups retained this activity (P16: 10 of 11; P21: 8 of 11), whereas in the P10 group some cells have lost the graded activity, displaying instead persistent or self-terminating behavior (P16: 3 of 6 neurons retained graded activity).
With respect to the generation and regulation of the response to stimuli in the presence of CCh, our results point toward the existence of two different mechanisms: a cell can lose its graded activity while still generating a persistent response. We E FIG. 4. Initial and steady-state frequency changes related to AI. A: initial and steady-state frequency plots and fittings. It is possible to observe the effect of CCh on the initial frequency, whereas the effect on the final frequency is less apparent; the intersection values in the histogram demonstrate that this is not the case. B: slopes of initial frequency. There is no change among the groups but there is a decrease in the slope after CCh application for P10, P16, and P21. C: fitted intersections with the y-axis show the difference between P5 and the other groups, and between P16 and P21. D and E: slopes and intersection changes of steady-state frequencies. Slopes do not change among groups or even after CCh, whereas intersections show a gradual decrease as the animal grows. After CCh application, there is a significant increase in the intersection for all age groups. 7.14 Ϯ 0.56 4.86 Ϯ 0.67 6.04 Ϯ 1.37 9.00 Ϯ 1.64 7
Slope and y-axis intersection of the initial frequency plotted against the current injection for the first four (P5) or five data points (P10, P16, P21). Slope and y-axis intersection of the steady-state frequency plotted against the current injection for the first four (P5) or five data points (P10, P16, P21).
conclude therefore that perforated-patch recording is the best technique to analyze the presence of the graded persistent activity through the development. A summary of the number of cells and their response is presented in Table 6 .
In Fig. 6 , we show typical graded persistent activity responses observed in different age groups. The P5 group does not show any postdepolarization response after CCh application; nevertheless CCh has blocked the slow AHP that appears after the step depolarization (Fig. 6A) . When the animals reach P13, the graded persistent activity appears (Fig. 6B ) but the proportion is still low. It is only in the P16 group (Fig. 6C ) that the majority of the cells are able to display a graded persistent activity. These characteristics are maintained in the older age group (P21) as well (Fig. 6D) .
Development of cholinergic transmission in medial entorhinal cortex
We also performed ChAT immunostaining to investigate the change in the pattern of cholinergic projections in the entorhinal cortex during early postnatal development. As illustrated in Fig. 7 , the 5-day-old animals do not yet show cholinergic fibers. As the development advances, we observe the appearance of some cholinergic interneurons and the number and density of cholinergic fibers increase. The P21 group shows a cholinergic pattern very similar to that of adult animals (Fig.  7) . This parallel development of the cholinergic innervation and of the response to cholinergic modulation points to developmental changes in the expression levels of the muscarinic metabotropic receptors. To study the relation between muscarinic receptor levels and cholinergic modulation, we measured the mRNA levels of the M1 subtype of metabotropic muscarinic receptors in the entorhinal cortex of 5-, 12-, and 21-dayold and adult animals using quantitative RT-PCR. The results obtained show a significant increase from P5 to P12, after which the levels stay constant (Fig. 8) . The timing of the upregulation of M1 muscarinic receptor mRNA coincides with the appearance of cholinergic modulation leading to persistent and graded activity. These results do not completely explain the differences in CCh modulation for the different age groups because it is obvious that M1 mRNA levels do not follow the time course observed in CCh responses, suggesting the participation of additional regulatory factors in the mechanisms of cholinergic modulation.
D I S C U S S I O N
Early developmental stages are characterized by drastic changes in animal behavior, which reflect changes of neuronal properties in cortical areas. During the first postnatal weeks the synapses are not fully established (Khaing et al. 2006) , the dendrites are not completely developed (Whitford et al. 2002) , and there are changes in membrane conductances, with the appearance of some conductances (I h , Kv3.1) and the increase of others (I Na , I Ca , I Na,p , BK) (Picken Bahrey and Moody 2003; for a review see Moody and Bosma 2005) . This change in conductance levels could be linked to the decrease in membrane resistance that we observed, itself related to the decrease of time constant according to the equation: ϭ RC. The arborization and extension of the dendrites increase the capacitance of the cell; therefore the fact that the time constant decreases from 92.83 to 44.05 ms indicates a parallel increase in the density of channels in the cells studied. From a functional perspective, the high resistance and long time constant that we measured at the earliest stages when the synapses are not fully formed would improve the chance of a given stimulus to generate a response in the target cell because stimuli of lower intensities would be able to reach threshold and the chances of spatial and temporal summation would be higher. The gradual decrease of the resting membrane potential from Ϫ49.92 to Ϫ65.97 mV could likely be explained by developmental changes in K conductances (Jones 1989; Storm 1990 ). Changes in active properties have previously been shown for layer V neocortical neurons and our results corroborate those findings. The proposed mechanism is an increase in the levels of Na ϩ and K ϩ currents that explains the increase in amplitude, decrease in duration, and change in the threshold value for the action potential (Zhang 2004) . It has been reported that the difference between resting membrane potential and threshold remains constant throughout development (McCormick and Prince 1987; Zhang 2004 ). The main difference between our data showing a smaller difference at P5 and previous data from the prefrontal cortex is that the authors selected the neurons according to the resting membrane potential (i.e., cells below Ϫ45 mV), which could introduce a bias in the calculation. Indeed, if we analyze our results by selecting only the cells with a resting membrane potential below Ϫ45 mV, we do not obtain any significant differences among the different age groups (ANOVA, P Ͼ 0.05; data not shown). It has been proposed that cellular ionic mechanisms would be necessary to maintain this difference throughout development, but a reduction in this difference would allow the cell to be more sensitive to smaller current changes in the synapses, which again would be a mechanism that works to overcome the lack of maturity of the synapse.
There are also developmental changes in the characteristics of the action potentials and the phenomena associated with them, such as ADP and AHP. We showed a clear increase in AHP parameters (amplitude, duration, and area) with development and an apparent increase in ADP showing a clear "shoulder" in the P16 and P21 groups (Fig. 2, C and D) . However, because it was not possible to see a clear deflection of the membrane potential after the spike in the two younger groups, as evident in the two older groups, we had to use the second derivative to define the initial point of ADP. Using this method, it was not possible to measure significant differences in ADP among the groups. We must also consider the possibility that the AHP current is masking the ADP so we can observe a change in the shape of the ADP but not a real increase in amplitude, duration, or area.
Changes in spike-frequency adaptation are drastic during this postnatal period. The P21 group shows the strongest
. Typical CCh-induced responses in the different age groups and percentages of the different types of activity in perforated-patch recordings. A: 5-to 7-day-old animals failed to show graded persistent activity and most of the cells were unable to show any type of sustained depolarization after application of a step depolarization in the presence of CCh. B: in 10-to 13-day-old animals, a small fraction of the cells present graded persistent activity. Percentage (see Fig. 6 also) increases radically in the 2 older groups: 16-to 19-(C) and 21-to 23-day-old animals (D). E: percentage of the different types of response for all the age groups. Graded persistent activity appears at P10 and increases in percentage with age. Values in the histogram are percentages from data in Table 4 . F: preservation of the graded persistent activity after 30 min in CCh. Most of the cells in the 2 oldest groups retained this activity. Percentage values in the histogram are: 16.67% self terminating, 50% graded, 33.3% no response (n ϭ 6) (B); 9.09% persistent activity, 90.91% graded activity (n ϭ 11) (C); and 18.18% self-terminating, 9.09% persistent, 72.73% graded activity (n ϭ 11) (D). Occurrence of different types of postburst response to step depolarizations (50 pA, 1 s) under cholinergic modulation for the different age groups. Recordings were performed in perforated-patch configuration. Cells that show only delayed activity respond with a Յ15-s depolarization; we consider persistent activity when the cell is able to fire for Ͼ15 s in response to the same type of step depolarization. Graded persistent activity indicates that the neuron is able to modulate the frequency of its persistent activity. P5 and P10 stages are significantly different from all the other stages, whereas P16 is similar to P21 (significance at P Ͻ 0.05, Fisher's exact test). adaptation (Fig. 3, B and C) . Additionally the final frequency analysis shows a gradual decrease in the intersection value from P5 to P21 (Fig. 4E) , which indicates higher steady-state frequencies. Nevertheless, older animals are able to achieve higher initial frequencies before reaching inactivation of the action potential arising from current injection. It has been shown that entorhinal layer V pyramidal neurons show a fast and medium AHP (Egorov et al. 2002b ) and we reported here a progressive increase in medium AHP parameters as the age increases. Therefore we conclude that the difference in final frequency and spike adaptation among the different age groups in control is mainly caused by an increase of medium AHP, which could be mediated by KCNQ/M channels and h-channels as in CA1 pyramidal neurons (Gu et al. 2005) . Further support for this conclusion is provided by the fact that application of CCh increases the final frequency, in agreement with previous work showing the cholinergic blockade of medium AHP in CA1 neurons (Peters et al. 2005; Storm 1989 ). At a more functional level, blockade of AHP has been linked to improved working-memory performance (Stocker et al. 2004 ). Activation of a cholinergic depolarizing cationic nonspecific conductance (CAN) would also facilitate depolarizing the cell (Egorov et al. 2002a; Reboreda-Prieto et al. 2006 ).
Initial frequency analysis shows no difference in slope among the age groups (Fig. 4B) . However there is a difference in the intersection value of P5 with the other groups; again, this could be related to the lack of AHP at P5. Surprisingly we also find significant differences in the intersection value between P16 and P21, which could be related to the change observed in ADP shape. ADP could increase the chances of firing a second action potential as a result of the "shoulder," which becomes obvious in the P16 group and is even more prominent in the P21 group (Fig. 2, C and D) . Application of CCh decreases the initial frequency slope for the P10, P16, and P21 groups. This phenomenon could be explained by the activation of the SK calcium-dependent K ϩ channel, as reported in layer V neocortical neurons (Gulledge and Stuart 2005) . Both decrease of initial frequency and increase of final frequency will account for the overall decrease of adaptation during cholinergic modulation observed in P10, P16, and P21 groups. It is interesting to notice that after CCh application P10, P16, and P21 neurons behave in a very similar way to that of the P5 group. Overall our data show a gradual change in the passive and active electrophysiological properties of the layer V principal neurons in early developing animals. The passive properties in the youngest animals are a consequence of their reduced morphology and of lower levels of channel expression; this difference will allow the cell to become more sensitive to small current changes in a period of time where the synapses are still in formation. If we consider spike-frequency adaptation as an important factor to maintain the coherence of network oscillation (Fuhrmann et al. 2002) , it is reasonable to think that this property will have a more central role in adult animals than in very young animals where the network is not completely established. It was recently reported that very young animals show beta network activity between local groups of cells and that this activity is maintained by gap junctions and subplate mechanisms that disappear after 12 days, switching to a mechanism based on N-methyl-D-aspartate receptor (Dupont et al. 2006) . It is possible that this ability to use different mechanisms depending on the maturity of the network is extended to intrinsic properties of the neurons. Thus cholinergic afferents would be able to modulate the firing-frequency adaptation and also the dynamics of the network in more mature animals, whereas in the youngest group reduced adaptation and limited cholinergic modulation suggest the expression of other mechanisms.
One of the main objectives of this study was to characterize the developmental changes in cholinergic modulation. It has been described that, during cholinergic modulation, layer V principal neurons are able to display sustained activity after a step depolarization and the frequency of this sustained activity can be modulated by subsequent step depolarizations (increase) or hyperpolarizations (decrease) (Egorov et al. 2002a) . We have shown that, although the sustained activity by itself is very resistant to dialysis of the cytoplasm by the patch pipette solution (Fig. 5) , the graded activity disappears quickly after achieving the ruptured-patch configuration. We observed a smaller percentage of cells with graded activity in rupturedpatch than in perforated-patch configuration and those cells that show graded activity in perforated patch are able to keep it for a longer time than in ruptured-patch configuration (Fig.  6 ). This graded activity is dependent on cholinergic modulation and extracellular Ca 2ϩ (Egorov et al. 2002a) , which is, at least in part, responsible for the activation of a CAN current. From our data, we can dissociate the mechanism responsible for sustained activity, most probably membrane bound, from the mechanism responsible for the graded activity mediated by a cytoplasmic factor, which either modulates the CAN current or opens another type of channel. Recently a model involving a cytoplasmic cascade regulated by high and low levels of intracellular Ca 2ϩ with a neutral zone in between (e.g., kinases/ phosphatases) has been proposed for direct modulation of the CAN channel (Fransen et al. 2006) .
From a developmental perspective, our data showed increasing effects of CCh as the animal gets older, leading to the induction of graded persistent activity for the first time at P10 FIG. 8. Developmental upregulation of M1 muscarinic receptor mRNA quantified. Significant increase of M1 mRNA levels, relative to reporter GAPDH mRNA, from P5 to P12 stage using quantitative real-time RT-PCR. M1 mRNA levels remain constant from P12 to the adult stage. *P Ͻ 0.05 (one-way ANOVA with Tukey post hoc correction, n ϭ 3). and frequent occurrence in P16 and P21 groups. In the few cells that do not show postburst response to CCh application (including P5 neurons), there is a block of AHP after the step depolarization. The ability of the cells to show sustained firing after the stimulus has been reported previously in this region and other areas of the neocortex (Andrade 1991) . It is commonly accepted that persistent firing allows the cell to retain information about the stimulus for a determined amount of time. Graded persistent activity also gives the cell the ability to store several bits of information at different levels of frequency. All these phenomena are proposed as mechanisms of cellular memory (Egorov et al. 2002a; Frank and Brown 2003; Fransen et al. 2006) . The developmental changes in the passive and active membrane properties of layer V neurons leading to an increase in excitability are required for the acquisition of graded persistent activity. However, because most of these changes are not specific to this type of cortical neurons (Franceschetti et al. 1998; Kasper et al. 1994; McCormick and Prince 1987) , we conclude that they are necessary but not sufficient and that novel properties need to be acquired for the expression of graded activity.
Our data obtained at P5, P12, and P21 show a drastic increase in the density of ChAT-positive cholinergic projections originating from the basal forebrain to the medial EC. This is in agreement with previous reports showing that the cholinergic system reaches maturity between the third and the fourth postnatal weeks (Kiss and Patel 1992; Zahalka et al. 1993) . To investigate other mechanisms leading to increased cholinergic modulation, we compared the levels of mRNA of M1 muscarinic receptor at different ages. We chose M1 because it is a major central subtype of cholinergic receptors in the brain that shows changes of expression during postnatal development (Lee et al. 1990; Tice et al. 1996) . We measured an upregulation of M1 mRNA from P5 to P12 stages, whereas the higher levels remain constant throughout P12, P21, and adult. Although at a first glance we could think that the difference in the prevalence of the graded persistent activity arises from the lack of cholinergic stimulation in the youngest animals, either by lack of cholinergic projections or low levels of muscarinic receptors, we should also keep in mind that, even if P12 animals have M1 mRNA levels similar to those of adult animals, early development processes also affect the intracellular machinery. It has been shown that during the first two postnatal weeks the accumulation of IP3 in the cytoplasm after cholinergic stimulation reaches levels higher than those in 75-day-old rats, which indicate developmental changes in the intracellular coupling to the PLC pathway (Balduini et al. 1987) . Moreover, it has been reported that muscarinic receptor expression precedes cholinergic innervation in the rat parietal cortex (Buwalda et al. 1995) .
It has been shown that cholinergic modulation is related to working-memory and memory-consolidation processes during wake states and REM sleep (Hasselmo 1999) . Green and Stanton (1989) (see also Stanton 1982) analyzed working memory during development in 15-, 21-, and 27-day-old rats. They showed that working-memory performances were poorer in 15-day-old animals than in older groups. These differences are also shown at a younger age in a study of 11-and 14-day-old rats (Stanton 1982) . Moreover, using the same type of tasks that have a delay between the sample and choice runs, medial septum lesions impair the performance in spatial working-memory tasks (Kelsey and Vargas 1993) , which again points to the importance of cholinergic modulation. The mEC has been shown to be directly involved in spatial working-memory processes (Fyhn et al. 2004) .
We have shown that principal neurons in layer V of mEC, which at the earliest stages show a range of firing frequencies narrower and more stereotyped (lower maximum frequency and less adaptation), gradually acquire a wide array of frequency responses, modulable by cholinergic input, thus likely allowing them to translate small changes in environmental stimuli into complex firing patterns. In summary, during postnatal development, the increasing influence of the cholinergic input on the firing properties of entorhinal neurons leads to the expression of the graded persistent activity, which has been proposed as a cellular basis of working memory, through the activation of metabotropic mechanisms whose exact nature remains to be identified.
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